We discuss the issue of proton stability within supersymmetric SU (5) GUT and suggest mechanisms for suppression of baryon number violating dimension five and six operators. The mechanism is based on the idea of split multiplets (i.e. quarks and leptons are not coming from a single GUT multiplet) which is realized by an extension with additional vector-like matter. The construction naturally avoids wrong asymptotic mass relationsM D =M E . Thus, the long standing problems of the minimal SUSY SU (5) GUT are resolved.
Introduction
Baryon number violation is one of the predictions of Grand Unified Theories (GUT). In SUSY GUTs, usually dimension five (d = 5) operator induced proton decay dominates [1] . The sources for the for the latter are couplings of heavy color triplets with ordinary matter supermultiplets. These couplings usually originate from the operators responsible for quark and lepton masses. Therefore, the observed Yukawa couplings and the baryon number violating operators may be closely related and this is the reason that it is not easy to satisfy the present experimental bound τ exp (p → Kν) > ∼ 6.7·10 32 years 2 on proton life time [2] . On the other hand, to build realistic fermion mass pattern within GUTs is not trivial. Therefore, the task is two fold: 1) within considered scenario the care must be exercised to get realistic fermion masses and mixings, and 2) within the same framework the baryon number violating processes must be suppressed up to needed level. These are two main problems and for their resolution numerous mechanisms and specific examples have been suggested [3] [4] [5] [6] [7] [8] . It is a curious fact that the split multiplet mechanism, for suppressing the baryon number violation, more or less has been ignored (see however [5, 6] ). Let us note that this mechanism is naturally realized within extra dimensional constructions [9] . This is, most likely, the reason that within four dimensional constructions there were not many attempts to realize and apply this possibility. However, once the multiplet splitting is realized (i.e quarks and leptons come from different GUT multiplets), the baryon number can be conserved up to the needed level. In this paper we suggest possibilities for natural quark-lepton splitting mechanism within four dimensional SUSY SU (5) 3 . We show that apart the suppressing the baryon number violation this splitting enables one to build realistic fermion mass pattern. As a transparent demonstration of the suggested mechanisms, we present concrete model which is compatible with gauge coupling unification and gives proton life time slightly above the current experimental bound.
Suppression of d = 5 Baryon Number Violation
In the minimal SUSY SU(5) (MSSU5) GUT the matter sector consists of the (10 +5)-plets per generation with the following decomposition under SU (3) 
where the hypercharges are indicated in 1/
Diag (2, 2, 2, −3, −3)]. The pair of scalar superfields H(5) +H(5) has the following composition:
where h u , h d denote the MSSM higgs doublet superfields, and T,T are their GUT colored partners. The operators 10 · 10H and 10 ·5H (the family indices are suppressed), together with ordinary Yukawa superpotential couplings, generate T,T -matter couplings:
Integration of T,T states (with mass M T ) generates d = 5 operators
which induce the nucleon decay. Current experimental bound on nucleon lifetime requires λλ
On the other hand, in MSSU5 λλ ′ is directly related to the quark and lepton Yukawa couplings. This leads to unacceptably fast proton decay unless additional effort is made [4, 7] . Below we present new mechanisms for suppressing (eliminating) these operators. Also, the problematic asymptotic mass relations will be avoided.
We see that the term qqT is suppressed by factor ǫ in comparison to the up type quark Yukawa coupling. This occurred thanks to the splitting of the q-states living in 15 and 10 plet superfields respectively. Note that no e c u c T coupling arises from (10) because the coupling 10 · 10H is absent. The scale M * in (10) is a cut off and one expects that it is much larger than the GUT scale
GeV -the reduced Planck mass). Thus, we can use this type of coupling for first two light families (i.e. for generation of up and charm quark Yukawa couplings). For the top quark mass we need to have unsuppressed Yukawa coupling. If we do not apply this mechanism of qqT coupling suppression for the third generation, the top Yukawa can be due to the coupling 10 3 10 3 H. However, the same coupling also generates unsuppressed q 3 q 3 T term. This would give sizable contribution to the nucleon decay [4, 10] 
From these couplings we can write down the mass matrices for appropriate fragments
The masses of the multiplets S and ∆ are still given by (9) .
and appropriate states will contain light q, u c and e c fragments as
The up quark mass is generated through the coupling 10 ′ · 10H, while the qqT coupling will be suppressed. in more detail, taking into account (14) we will have
Note that e c u c T coupling is still absent. With these simple mechanisms we will be able to suppress d = 5 proton decay up to the needed level. If for i-th generation (i = 1, 2, 3) the suppression factor of the corresponding qqT operator is ǫ i [see eqs. (7), (14) for definition of these factors], and the up quark Yukawa matrix (involved in the coupling qY U u c h u ) in a family space has the form
then the coupling Y(involved in qYT ) will be
Note that since q and e c states come from different multiplets, we can also avoid the asymptotic relationM D =M E common for minimal SU (5) GUT. This will be discussed in more detail later on.
Suppressing qlT and u
Now we will present the mechanism for suppressing qlT operators. Recall that in SU (5) this type of couplings originate from the couplings responsible for generation of down quark and charged lepton masses [see eq. (3)]. The suppression of qlT can occur if the light l and d c are coming from different SU(5) states. To realize such a splitting in a natural way we introduce additional vector like SU(5) matter5 ′ + 5 ′ , Ψ(50) +Ψ(50) and the following couplings
(ρ,ρ are dimensionless couplings). The 50-plet does not contain the states with the quantum number of the lepton doublet 4 and includes the state with quantum numbers of d c . Therefore, after substituting appropriate VEVs in (18), for the mass couplings of the corresponding fragments we will haved
where
As we see, l5 forms massive states withl5′ and therefore the light lepton doublet emerges from5 ′ . However, the situation is different for
c Ψ states, the (2, 1) element in the first matrix of (19) 
c state mostly remains in5. Therefore, we havē
The masses of the decoupled states are
and all states from Ψ,Ψ have mass M Ψ . From (20) we see that the light lepton doublet and SU(2) L singlet down quark are coming from different SU (5) multiplets. This splitting will be crucial for suppression of qlT coupling. To see this, we should discuss the mass generation of the down quarks and charged leptons. Thus, it is important to know where the light left handed quark doublet q comes from. If the light q state comes from the 15-plet and the e c state from 10-plet [the mechanism ensuring suppression of qqT coupling for 1 st or/and 2 nd family; see eq. (10)], then the couplings responsible for down quark and charged lepton masses are 15·5H and 10·5
′H respectively. Namely, taking into account (7), (8) and (20) we have
As we see qlT term emerges from coupling responsible for the charged lepton mass and is suppressed by factor ǫ. At the same time, the u c d cT coupling is also suppressed. Since the e c u c T coupling is absent (see the discussion in the previous subsection) the corresponding
does not emerge at all. Only the left handed operator arises and, taking into account (10) and (22), has the form
Note that together with suppression of qlT , also the relation M D = M E is avoided. The reason is simple: the Yukawas Y D and Y E arise from completely independent couplings. Now let us show how the suppression of qlT coupling works for the case corresponding to eq. (14) (suppression of qqT operator involving third family). In this case the terms 10 ′ ·5H and 10·5 ′H are responsible for down type quark and charged lepton masses respectively. In particular, taking into account (14), (20) we have
Therefore, the corresponding d = 5 operator emerging from (15) and (24) (
is suppressed by factor (ǫ ′ ) 2 , while u c u c d c e c -type operator is still absent. As we see, in both cases [corresponding to (23) and (25)] the qlT term emerges from the Yukawa couplings responsible for charged lepton masses. Thus, if Y E has the structure
then the matrix Y ql (involved in qY ql lT coupling) will be
Here, the factors ǫ i are the same as appeared in (17).
Naturally Suppressed d = 6 Proton Decay
In SUSY SU (5) Thanks to the mechanism discussed in the previous section, these kind of operators can be also suppressed. Crucial role is played by splitting of appropriate matter superfields. Let us start consideration with5-plet superfields which include states with the quantum numbers of d c and l. The D-terms including5-plets are
where V and g are SU(5) gauge superfield and the gauge coupling at scale M G respectively. According to (20), the5-plets do not include light l states at all and therefore the first term in (28) is irrelevant for us. However, from the second term of (28) we get
As we see, the couplings of the heavy V X,Y gauge superfields with the matter are suppressed by factor ǫ ′′ . Since the only light state which may include 15-plet q, its kinetic D-term is irrelevant for the baryon number violation. For the case corresponding to eqs. (7), (8) 
producing couplings with the suppression factor ǫ. Upon integration of the V X , V Y states with mass M X ≃ M G from (29) and (30) we get the following baryon number violating d = 6 operators
As we see, two d = 6 operators in (31) are naturally suppressed by factors ǫ 2 and ǫǫ ′′ respectively. Note that if we are dealing with case corresponding to eq. (14), then the factor ǫ in (31) must be replaced by ǫ ′ . Note that, this mechanism for the suppression of d = 6 nucleon decay also can be applied within non SUSY SU(5).
Realistic SUSY SU (5)
The possibilities for suppressing the proton decay in SUSY SU(5) GUT discussed above can be successfully applied for the realistic model building. By proper selection of the appropriate mass scales we can get suppression [ǫ, ǫ ′ in eqs. (7), (14)] as strong as we wish. This requires the scales M 15 and M 5 to be below M G . However, this introduces an additional states below the GUT scale, and the running of gauge couplings will be altered. In order to maintain successful gauge coupling unification, an additional constraint on these scales should be imposed. Suppression of qqT coupling brings the states (S +S) 15 and (∆ +∆) 15 below M G . With their comparable masses M S ≃ M ∆ = M 15 , one can see that the states S,S contribute stronger to the running of α 3 in comparison of ∆,∆'s contribution into the α 2 running. To compensates this dis-balance an additional SU(2) L states are required. This occurs naturally if the mechanism for qlT suppression is invoked. In this case below M G we also have an additional SU(2) L doublets (see eq. (21)). This offers possibility for successful gauge coupling unification. Now, we present an example of SUSY SU(5) realizing ideas discussed above. Considering three families of quarks and leptons, the appropriate couplings (such as of eqs. (6), (10), (18), (22)) should be promoted to the matrices in a family space.
Thus, we introduce three pairs of 15-plets: (15 +15) i (i = 1, 2, 3) and the pair 10 ′ +10 ′ (needed for renormalizable top Yukawa couping), and also (5 ′ +5 ′ ) i , (Ψ+Ψ) i . We will promote the couplings of (6), (11) in the flavor space as
where for simplicity we have assumed that the matrices λ, M 15 are diagonal and only 15 3 couples with 10 ′ . Moreover, we take
Thus, with
and carrying out analysis analogous done in sect. 2.1, we will have
The mass spectrum of the decoupled states is
Similarly, we assume that the couplings of (18) in the flavor space are diagonal and universal. Therefore, eqs. (20), (21) can be applied for three families and
Now we can discuss the gauge coupling unification. The latter suggests the particular selection for these mass scales. 
Gauge coupling unification
We assume that the masses of the matter 50 i -plets are close to the cut off scale scale M Ψ ≃ M * . Thus, they do not affect the gauge coupling running. However, for the masses of the three vector like pairs we have (21)). Apart these states, below M G we have 3 × (l5 +l 5 ′ ) and 3 × (S +S + ∆ +∆) 15 states with masses given in (36) and (37). Thus, for the strong gauge coupling constant at M Z scale we get in 1-loop approximation:
where α 0 3 is the value of the strong coupling constant within MSSM and is α 0 3 (M Z ) ≃ 0.126 [12] . The additional terms in (38) allow to obtain the value compatible with experiments α exp 3 (M Z ) ≃ 0.1176 [2] . This can be achieved with
. In order to have more accurate estimate we have performed calculations in two loop approximation. The picture of gauge coupling unification is given in Fig. 1 . For simplicity we have taken all squark, slepton, higgsino and gluino masses near the scale m susy = 10 2.9 GeV and the wino mass MW = Mg α 2 α 3 µ=msusy ≃ 287 GeV. Also, we have taken
All this and input values α 
As we see, due to the new states the unification scale M G is reduced, while the unified gauge coupling α G is enhanced:
[superscript ′ 0 ′ indicates the values obtained within minimal SUSY SU (5)]. These values will be useful for estimation of the proton decay rates in our model.
One can see that near 10 17 GeV scale the unified gauge coupling
≃ 0.26 becomes strong. Thus, for cut off scale one should take M * ≃ 10 17 GeV. With this, the perturbativity is kept in a quite wide range above the GUT scale. Note that this value of M * gives
and the value of the scaleM taken in (39) is naturally obtained (for ρ ∼ρ ∼ 3). As we will see shortly, the values of ǫ 1 and ǫ selected here provide an adequate suppression of the proton decay. Finally, we calculate short range renormalization factors which will be used in the next subsection. The appropriate baryon number violating d = 5 and d = 6 operators, generated at GUT scale, should be defined at scale µ = 1 GeV. Thus two ranges are relevant for renormalization. Due to running from M G down to M Z (or SUSY scale) the appropriate factor A S is called short range renormalization factor. From scale M Z down to 1 GeV the appearing factor A L is the long range factor which mainly is due to QCD running.
Let us start with calculation of the short range factor corresponding to d = 5 operators. Note that in our model the qlT coupling is related to the charged lepton Yukawa matrix. Therefore, generalizing expression given in [13] , we will have
where b i (µ a−b ) denotes gauge coupling 1-loop b-factors in the mass interval µ b − µ a and A(λ t ) includes the renormalization effect due to the top Yukawa coupling. We have evaluated A S d=5 for our scenario (more details of the Yukawa sector is given in section 4.2) in 2-loop approximation for
(to be compared with the factor obtained in MSSU5 (A
,ud ) 0 ≃ 0.92). As far as the d = 6 operators are concerned, as it will turn out, the first type operator of eq. (31) will be relevant. It's 1-loop short range renormalization factor is given by
In our model numerically we get A S d=6 ≃ 2.23. Also long range renormalization factor A L should be taken into account. The latter is A L ≃ 1.34 [14] , and finally for d = 6 operator renormalization factor we have
Proton life time
The nucleon decay via d = 5 operators crucially depends on Yukawa sector of the model. Therefore, first we briefly discuss how desirable fermion sector can be constructed. Since we have arranged the splitting of the multiplets, as given in eqs. (20), (35), there will not be problem to build realistic fermion pattern. Starting from the up type quark masses, we will write appropriate couplings in such a way that the up quark mass matrix will be diagonal. Relevant couplings are
where γ 1,2,3 are dimensionless constants. Taking into account (35) we will have
Thus, the CKM mixings (V ij ) should come from the down quark Yukawa matrix Y D . The relevant couplings for the latter are
where the non-diagonal coupling matrix Y D is responsible for CKM mixings. Thanks to the mechanism discussed in sect. 2, the charged lepton Yukawa matrix elements are independent from Y D . For simplicity we take diagonal couplings
which with (20), (35) give
From all this and eqs. (17), (27) , the Yand Y ql matrices will be 
where, together with other family independent factors, F includes the loop integral, and for simplicity we have assumed that the squarks and sleptons of all families have universal mass. The family dependent couplings α ijk and α ij ′ are given by [15] , [4] 
L u,d,e are unitary matrices which rotate the left handed fermion states to diagonalize the mass matrices.
For the considered case here we have L u = L e = 1, L d = V * . Therefore, the only nondiagonal matrix is the CKM matrix. This enables us to make predictions. In particular, we have α ijk = 2δ 1k λ e ǫ 1 (V T YV ) ij . These factors are responsible for the decays with neutrino emission. The dominant decay mode is p → K + ν e and the corresponding amplitude is proportional to
22 is a Cabibbo angle). Note that in MSSU5 the amplitude of the dominant decay mode p → Kν µ is∼
c . Thus, in our model for the corresponding partial life time we expect
where τ 0 ≃ 3.5 · 10 30 years is proton lifetime 5 in MSSU5 [4] , and we assumed that color triplet has mass close to M G . Therefore, we have
compatible with a present experimental bound [2] . In (57) we used A 
Thus, the model gives an interesting prediction
These are above the current experimental bounds τ
32 yrs. Ongoing and planned experiments give promise to probe partial lifetimes given in (59) (these life times decrease with increase of tan β).
Since in our model the GUT scale is reduced nearly by factor 10 and the unified gauge coupling is stronger, the d = 6 operators become relevant. However, doe to multiplet splitting, the suppression occurs [see eq. (31)]. The dominant d = 6 operator is ǫ 
5 For M 0 G ≃ 2 · 10 16 GeV, m s (M Z ) = 93 MeV, tan β ≃ 3.7 and for SUSY particle masses MW = 287 GeV, mq = ml = 10 2.9 GeV used for studying gauge coupling unification in previous subsection.
which is slightly above the experimental limit [τ exp (p → π 0 e + ) > ∼ 1.6 · 10 33 yrs.] This (possibly) dominant decay mode is a characteristic signature of our model. Future experiments will probe such decays and test viability of the particular model presented here.
Conclusions
In this paper we have suggested the mechanism for suppressing the nucleon decay within SUSY SU(5) GUT. The mechanism is based on idea of split multiplets and also helps to build realistic fermion pattern. For transparent demonstration of the presented mechanism we have considered simple example consistent with gauge coupling unification and allowing to predict proton life time.
The suggested possibilities can be applied for building various realistic SU(5) scenarios with interesting phenomenological implications. In particular, it would be interesting, in this context, to address the problem of flavor and try to gain a natural understanding of observed hierarchies between fermion masses and mixings. Also, it is desirable to understand the origin of hierarchies between various mass scales appearing in the construction. For all this an additional symmetries (such as flavor symmetry) may play crucial role.
Finally, here we have not addressed the doublet-triplet splitting problem. For the latter the GUTs such as SO(10) [16] and SU (6) [17], [6] are more motivated. One can attempt to realize the split multiplet mechanism within these GUTs and study also other phenomenology. These and related issues will be discussed elsevier.
